1. Introduction {#sec1-ijms-20-05636}
===============

*Lagerstroemia indica* L. is a deciduous shrub and small tree of the genus Lagerstroemia with a great ornamental value thanks to its attractive blossom, long-lasting flowering period, and vase-shaped features \[[@B1-ijms-20-05636]\]. It originated in China and has long been used in landscaping in major cities, including Anyang, Fuyang, and Jincheng \[[@B2-ijms-20-05636]\]. *L. indica* cultivars have a wide range of flower colors (white, red, purple, and their combined variants), which contrast with a dark green foliage. However, the few existing cultivars with both colorful flowers and leaves have attracted a great interest and are the prime choice on the market \[[@B3-ijms-20-05636]\]. Therefore, the development of new cultivars with colorful leaves and increased ornamental value has become one of the key research directions in breeding programs. In line with this, the United States Department of Agriculture has released the cultivar 'Lagerstroemia Ebony Embers', which has stable purple-red leaves throughout its leaf development \[[@B4-ijms-20-05636]\]. So far, efforts to develop new *L. indica* cultivars have been mainly based on traditional breeding techniques \[[@B5-ijms-20-05636],[@B6-ijms-20-05636],[@B7-ijms-20-05636],[@B8-ijms-20-05636]\]. Hence, it is still tedious to achieve the directional improvement of leaf color in *L. indica*. It is expected that modern molecular techniques will considerably facilitate and accelerate the improvement of leaf color in *L. indica* \[[@B9-ijms-20-05636]\]. However, this requires a detailed understanding of the molecular mechanism of color formation in leaves of *L. indica*.

Color formation is one the most investigated and fascinating research questions in ornamental plants. Flavonoids, particularly anthocyanins, have been reported as the main coloring pigments in plants \[[@B10-ijms-20-05636]\]. Anthocyanins provide a large spectrum of colors ranging from orange/red to violet/blue. Over the past decades, numerous works have clarified the biosynthetic pathway of anthocyanins, which is a very well-conserved network in plant species \[[@B11-ijms-20-05636],[@B12-ijms-20-05636]\]. The key structural genes that catalyze the early and late steps of anthocyanin biosynthesis have been revealed and include phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI), flavonone 3-hydroxylase (F3H), flavonoid 3'-monooxygenase (F3′H), dihydroflavonol 4-reductase (DFR), anthocyanin synthase (ANS), and UDP-glucose-flavonoid 3-*O*-glucosyltrasnferase (UFGT) \[[@B13-ijms-20-05636]\]. The specific variation in the expression levels of these structural genes through various and complex regulation mechanisms results in quantitative and qualitative variations of anthocyanins, underlying the difference of colorations observed between species, genotypes, organs, or even between various positions on the same plant tissue. Transcription factors (TF) such as MYB, basic helix loop-helix, and WD40 genes were reported to be the key modulators of the anthocyanin biosynthetic structural genes \[[@B14-ijms-20-05636],[@B15-ijms-20-05636],[@B16-ijms-20-05636]\], but other regulators belonging to the TF families of WRKY and NAC have also been discovered \[[@B17-ijms-20-05636],[@B18-ijms-20-05636],[@B19-ijms-20-05636]\]. Moreover, recent studies have demonstrated that genetic mutations and microRNAs represent other forms of regulation of the anthocyanin biosynthetic genes \[[@B20-ijms-20-05636],[@B21-ijms-20-05636]\]. The species-specific peculiarity of anthocyanin regulation mechanisms justifies the numerous studies on color formation in plants.

The overall goal of this study is to clarify the molecular mechanism of color formation in leaves of *L. indica*. To achieve this objective, we explored the key anthocyanins conferring the purple-red color in leaves of 'Lagerstroemia Ebony Embers' compared to the cultivar 'Lagerstroemia Dynamite', which features green-colored mature leaves. In addition, we investigated the competition mechanism between different branches of anthocyanin biosynthesis and the TFs regulating the anthocyanin biosynthetic genes. The findings from this study will guide the artificial manipulation of the anthocyanin biosynthesis in order to create new cultivars with colorful leaves and increased ornamental value.

2. Results {#sec2-ijms-20-05636}
==========

2.1. Anthocyanin Analysis in the Leaves of the Two *Lagerstroemia indica* Cutlivars {#sec2dot1-ijms-20-05636}
-----------------------------------------------------------------------------------

Two cultivars of *Lagerstroemia indica* with different leaf color phenotypes were studied. The two cultivars display purple-red young leaves (Stage 1), and when the leaves mature (Stage 2), they turn into green color in HD (Lagerstroemia Dynamite) but remain unchanged in ZD (Lagerstroemia Ebony Embers) ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}A--D). Anthocyanins are known to be the major coloring pigments in plants \[[@B10-ijms-20-05636]\]. We characterized the anthocyanin contents in the leaf samples of the two cultivars at the two stages of development. Seven anthocyanins, including peonidin O-hexoside, rosinidin O-hexoside, cyanidin O-syringic acid, cyanidin 3-O-glucoside (kuromanin), delphinidin 3-O-glucoside (mirtillin), cyanidin 3,5-O-diglucoside (cyanin), and cyanidin were detected ([Table S1](#app1-ijms-20-05636){ref-type="app"}). Quantitative profiles showed that cyanidin was only detected in the leaves of HD, while the six other anthocyanins were present at different concentrations in the two cultivars. Globally, the leaves of ZD contained higher levels of anthocyanins than those of HD at the two stages with the most pronounced difference observed at Stage 2 ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}E). In addition, the total anthocyanin content decreased from Stage 1 to Stage 2 in both cultivars, but the decrease was more conspicuous in HD ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}E). This suggests that the leaf color change observed at Stage 2 in HD is associated with a significant decrease of total anthocyanins. Next, the concentrations of each metabolite were compared between the two cultivars (ZD-1_vs_HD-1 and ZD-2_vs_HD-2) and between the two developmental stages (HD-1_vs_HD-2 and ZD-1_vs_ZD-2) in order to identify the differentially accumulated metabolites (DAM) with the following parameters: variable importance in projection ≥1 and fold change ≥2 or fold change ≤0.5 \[[@B22-ijms-20-05636]\]. In total, we found five, two, four, and seven DAM for HD-1_vs_HD-2, ZD-1_vs_ZD-2, ZD-1_vs_HD-1, and ZD-2_vs_HD-2, respectively ([Table 1](#ijms-20-05636-t001){ref-type="table"}). This result further supports the premise that a strategy toward maintaining a higher content of all detected anthocyanins (except cyanidin) in ZD underpins the stable leaf coloration observed throughout the developmental stages.

2.2. De Novo Transcriptome Assembly and Gene Expression Profiles in the Two *L. indica* Cutlivars at Different Leaf Developmental Stages {#sec2dot2-ijms-20-05636}
----------------------------------------------------------------------------------------------------------------------------------------

In order to decode the genes involved in the differential leaf color phenotype in HD and ZD, we de novo sequenced and assembled the transcriptome from leaf samples of the two cultivars at the two stages and in triplicate. In total, 12 RNA-seq were generated, yielding a total of 283 millions reads and 84 Gb of clean data with 94% of bases scoring Q30 and above ([Table 2](#ijms-20-05636-t002){ref-type="table"}). Using the Trinity software, 45,925 unigenes were assembled. To predict the functions of these genes, various databases were searched, including COG (18475), GO (33922), KEGG (17473), KOG (26429), Pfam (36768), Swiss-Prot (32110), eggNOG (42527), and NR (43088), resulting in a total of 43,208 functionally annotated genes ([Figure 2](#ijms-20-05636-f002){ref-type="fig"}A--D). NR database homologous species distribution analysis showed that *L. indica* (Lythraceae) shares 40% of its genes with *Eucalyptus grandis* (Myrtaceae), both species belonging to the same order: Myrtales ([Figure 2](#ijms-20-05636-f002){ref-type="fig"}E). We searched for genes encoding transcription factors (TF) and obtained a total of 2504 TFs classified into various families ([Table S2](#app1-ijms-20-05636){ref-type="app"}).

Gene expression levels were estimated with the fragments per kilobase of exon per million fragments mapped (FPKM) values ranging from 0.01 to 786,889 ([Figure 3](#ijms-20-05636-f003){ref-type="fig"}A). To assess the quality of the replicate samples, we performed hierarchical clustering analysis based on FPKM data. The result showed that all the biological replicates clustered together, suggesting a high reliability of our sequencing data ([Figure 3](#ijms-20-05636-f003){ref-type="fig"}B). Moreover, two main groups were displayed, including one group (G1) for the green-colored leaf samples (HD-2) and one group (G2) for the purple-red-colored samples (HD-1, ZD-1 and ZD-2). Also, G2 could be split into two subgroups, including G2_1 gathering samples from the young stage of both cultivars and G2_2 gathering samples from the mature stage of ZD. Overall, the sample clustering pattern was clearly according to the leaf color phenotype.

2.3. Differentially Expressed Genes between the Two *L. indica* Cutlivars {#sec2dot3-ijms-20-05636}
-------------------------------------------------------------------------

To uncover the genes involved in the different levels of anthocyanins in leaves of HD and ZD, the gene expression values expressed as FPKM were compared between cultivars and developmental stages. The differentially expressed genes (DEG) were detected with the following parameters: fold change \>2 and a false discovery rate correction set at *p* \< 0.01. The results showed large numbers of DEGs between compared pair of samples HD-1_vs_HD-2 (9247), ZD-1_vs_ZD-2 (9852), ZD-1_vs_HD-1 (13990), and ZD-2_vs_HD-2 (14688) ([Figure 4](#ijms-20-05636-f004){ref-type="fig"}). Gene ontology (GO) enrichment analysis was performed for these four types of DEGs ([Figure S1](#app1-ijms-20-05636){ref-type="app"}). The metabolic process and cellular process were the most enriched GO terms in the biological process, the cell and cell part were the most enriched cellular component GO terms, while catalytic activity and binding were clearly enriched as molecular functions. These results suggest that transcription factors (binding activity) and high enzymatic activity are involved in the modulation of leaf coloration in *L. indica*. The highest numbers of DEGs (approximately 1/3 of total expressed genes) were observed by comparing the two cultivars independently of the stages, which indicates a large variation in their genetic make up. We focused our analysis on the genes related to the flavonoid--anthocyanin biosynthesis and MYB transcription factors detected within the DEGs.

2.4. DEGs Related to the Flavonoid--Anthocyanin Biosynthesis and Mechanisms Underlying the Differential Leaf Color Phenotypes {#sec2dot4-ijms-20-05636}
-----------------------------------------------------------------------------------------------------------------------------

Since we observed a higher content of total anthocyanins in the leaves of ZD than HD at the two developmental stages ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}E), we further compared the expressed genes related to the flavonoid--anthocyanin biosynthesis between the two cultivars at each stage. We obtained 74 and 71 DEGs at Stage 1 and Stage 2, respectively, resulting in a total of 96 DEGs with the majority of these DEGs being higher expressed in ZD than HD, particularly at Stage 2 ([Table S3](#app1-ijms-20-05636){ref-type="app"}). This result is not intriguing, and shows that a stronger activity of genes related to the flavonoid--anthocyanin biosynthesis in the leaves of ZD promotes a higher synthesis and accumulation of anthocyanins. To elucidate the molecular mechanism underlying the change in leaf color observed in HD while the leaf color of ZD remained stable, we investigated the DEGs between the two developmental stages in each cultivar. In total, 74 (10 up-regulated and 64 down-regulated) and 52 (nine up-regulated and 43 down-regulated) genes involved in the flavonoid--anthocyanin biosynthesis were differentially expressed from Stage 1 to Stage 2 in HD and ZD, respectively. The higher number of altered genes, particularly the down-regulated genes, in HD as compared to ZD highlights a mechanism to strongly limit anthocyanin biosynthesis. Thirty DEGs displayed the same pattern between the two cultivars, suggesting that they are not involved in the differential leaf color phenotype ([Table S4](#app1-ijms-20-05636){ref-type="app"}). In contrast, 44 DEGs showed either opposite patterns between the two cultivars or a huge difference in the gene expression fold change from Stage 1 to Stage 2. We infer that these genes are crucial for the differential leaf color phenotype observed in the two cultivars. To better understand how these genes affect the leaf color, we mapped them on the flavonoid--anthocyanin biosynthesis pathways ([Figure 5](#ijms-20-05636-f005){ref-type="fig"}), which have been well characterized in plants \[[@B11-ijms-20-05636],[@B12-ijms-20-05636]\]. The main precursors for flavonoids are 4-coumaroyl CoA and three molecules of malonyl CoA that produce chalcones by chalcone synthase (CHS) \[[@B13-ijms-20-05636]\]. We identified 17 chalcone synthase \[EC:2.3.1.74\] (CHS) genes, including 16 strongly down-regulated in HD from Stage 1 to Stage 2, but these genes were unaltered or just slightly down-regulated in ZD. Flavanones are produced from chalcones via chalcone isomerase \[EC:5.5.1.6\] (CHI). We detected four CHI down-regulated in HD, but they were all unaffected in ZD at Stage 2. The pathway is further catalyzed by flavanone 3-hydroxylase \[EC:1.14.11.9\] (F3H) to yield dihydrokaempferol and subsequently by flavonoid 3'-monooxygenase \[EC:1.14.14.82\] (F3'H) to yield dihydroquercetin. We found 10 F3'H DEGs, nine of which were strongly silenced in HD from Stage 1 to Stage 2, but were unaffected or just slightly down-regulated in ZD. Dihydroflavonol 4-reductase (DFR) catalyzes the synthesis of leucoanthocyanidins, which could be converted into anthocyanidins (by anthocyanidin synthase \[EC:1.14.20.4\] (ANS)) or proanthocyanidins (by leucoanthocyanidin reductase \[EC:1.17.1.3\] (LAR)). In contrast to the previous flavonoid--anthocyanin biosynthetic DEGs, we found only one LAR (F01_transcript/54491) up-regulated in ZD but not affected in HD from Stage 1 to Stage 2, denoting a mechanism toward a high accumulation of proanthocyanidins in ZD leaves. Finally, anthocyanidins are converted into anthocyanins via UDP-flavonoid glucosyl transferase (UFGT) \[[@B13-ijms-20-05636]\]. UFGT genes are active in the last step of anthocyanin modifications and without their actions, anthocyanins are unstable and can not accumulate in the cells to give the purple-red pigmentation \[[@B23-ijms-20-05636]\]. In this study, we observed 12 various DEGs involved in this last step of anthocyanin modification, including two flavonol 3-O-glucosyltransferase \[EC:2.4.1.91\] (UFGT), seven anthocyanidin 3-O-glucosyltransferase \[EC:2.4.1.115\] (UA3GT), two anthocyanidin 5,3-O-glucosyltransferase \[EC:2.4.1.-\] (GT1), and one anthocyanidin 3-O-glucoside 2′″-O-xylosyltransferase \[EC:2.4.2.51\] (UGT). Interestingly, the expression levels of 11 out of these 12 genes were highly repressed from Stage 1 to Stage 2 in HD, while the majority was stably expressed in ZD. Distinctively, the gene F01_transcript/29830 (anthocyanidin 3-O-glucosyltransferase (UA3GT) was strongly up-regulated in ZD but was found to be repressed in HD. Collectively, our results demonstrate that in contrast to HD, ZD tends to keep a high activity level of key genes involved in the flavonoid--anthocyanin biosynthesis pathways throughout the leaf developmental stages in order to maintain the synthesis, accumulation, and modification of anthocyanins (probably proanthocyanidins, too).

2.5. Active MYB Transcripion Factors Regulating Gene Expression for the Differential Leaf Color Phenotypes {#sec2dot5-ijms-20-05636}
----------------------------------------------------------------------------------------------------------

It has been documented in several plant species that the structural genes involved in the flavonoid--anthocyanin biosynthesis pathways are mainly regulated by MYB transcription factors \[[@B24-ijms-20-05636]\]. In total, 663 and 620 TFs DEGs were involved in gene regulation activity from Stage 1 to Stage 2 in ZD and HD, respectively ([Table S5](#app1-ijms-20-05636){ref-type="app"}). Among these TFs, we retrieved 61 and 60 MYB TFs in ZD and HD, respectively. Comparative analysis of the gene expression fold change of these MYB TFs showed that 36 MYBs were commonly differentially expressed in both cultivars with similar fold changes within each stage ([Table S6](#app1-ijms-20-05636){ref-type="app"}). However, we uncovered 49 other MYBs genes, which exhibited contrasting expression patterns between the two cultivars and are likely to be the key regulators of the structural genes involved in the flavonoid--anthocyanin biosynthesis pathways in *L. indica* ([Table S7](#app1-ijms-20-05636){ref-type="app"}).

The gene co-expression network approach constructs the network of genes (co-expressed modules) with co-activation across a group of samples. Genes with similar expression patterns under multiple, but resembling experimental conditions have a high probability of sharing similar functions or being involved in related biological pathways \[[@B25-ijms-20-05636],[@B26-ijms-20-05636]\]. To better decipher the regulation pattern of the structural genes involved in the flavonoid--anthocyanin biosynthesis pathways by the candidate regulator MYBs, we performed a gene co-expression analysis \[[@B25-ijms-20-05636]\]. To give more power to the gene co-expression analysis, we further sequenced the transcriptome from leaves of HD at two intermediate stages (IS-1 and IS-2) between Stage 1 and Stage 2, when the leaf color gradually changes form purple-red to green ([Figure S2, Table S8](#app1-ijms-20-05636){ref-type="app"}). Gene co-expression analysis of a total of 18 RNA-seq data resulted into 22 co-expressed gene modules ([Figure S3, Table S9](#app1-ijms-20-05636){ref-type="app"}). Interestingly, 19 key MYB regulators and 32 flavonoid--anthocyanin biosynthetic genes were co-expressed in three different modules: dark red, yellow, and blue. In each of these modules, the MYB transcription factors have a high probability of regulating the target co-expressed flavonoid--anthocyanin biosynthetic genes. In the dark red module, six MYB regulators are co-expressed with 18 structural genes, including CHS, CHI, F3′H, UFGT, and UA3G ([Figure 6](#ijms-20-05636-f006){ref-type="fig"}A,B). The MYBs were preferentially down-regulated in HD from Stage 1 to Stage 2, which correlated with the strong down-regulation of the target structural genes in HD. This suggests that MYBs from this module are positive modulators of color formation in leaves of *L. indica*. Similarly in the yellow module, six MYBs were strongly down-regulated in HD as compared to ZD, and this correlated with a more reduced expression level of the structural genes (CHS, F3′H, UFGT, GT1, and UA3G) in HD ([Figure 6](#ijms-20-05636-f006){ref-type="fig"}C,D). Finally, in the blue module, seven MYBs were preferentially up-regulated in ZD to induce the expression levels of one LAR and one UA3G gene ([Figure 6](#ijms-20-05636-f006){ref-type="fig"}E,F). Globally, the gene co-expression analysis revealed that MYBs are positive modulators of the structural genes and the strong down-regulation of most of these MYB regulators from Stage 1 to Stage 2 observed in HD may limit the activity of the enzymes that catalyze the flavonoid--anthocyanin biosynthesis pathways, resulting in a reduced anthocyanin accumulation in the leaves.

To confirm the differential expression levels of the candidate structural genes and the co-expressed MYB transcription factors detected by the RNA-seq analysis, we conducted a quantitative real-time PCR on 21 selected genes from all modules. As expected, the qRT-PCR results were well correlated with the RNA-seq report (*R*^2^ = 0.84; [Figure S4](#app1-ijms-20-05636){ref-type="app"}), demonstrating the reliability of the report from this study.

3. Discussion {#sec3-ijms-20-05636}
=============

Although it is well known that anthocyanins are the key pigments coloring plant organs \[[@B10-ijms-20-05636]\], their composition and concentration greatly vary among plant species \[[@B27-ijms-20-05636]\]; therefore, it is impossible to predict the key molecules underlying specific colorations in plants without a detailed metabolic profiling. Anthocyanidins are the aglycone units of anthocyanins, and there are six major types found widely in plants, namely pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin \[[@B28-ijms-20-05636]\]. There was no previous report of the leaf anthocyanin profile in *L. indica*, but several studies were conducted on the flowers of different cultivars. Collectively, four anthocyanins were reported in *L. indica* flowers, including delphinidin 3-O-glucoside, petunidin 3-Oglucoside, cyanidin 3-O-glucoside, and malvidin 3-O-glucoside \[[@B29-ijms-20-05636],[@B30-ijms-20-05636],[@B31-ijms-20-05636],[@B32-ijms-20-05636]\]. It is worth mentioning that these authors analyzed flowers with various colors, including purple-red, purple, purple-violet, violet, and white. In the present study, we obtained a less diverse set of anthocyanins, and only two of the flower anthocyanins (delphinidin 3-O-glucoside and cyanidin 3-O-glucoside) were detected in the leaves. This is understandable since only one leaf color was studied here. The intriguing findings in this study are those regarding the diversity of cyanidin glycoside-derived and methylated-derived compounds in both cultivars (cyanidin O-syringic acid, cyanidin 3-O-glucoside, cyanidin 3,5-O-diglucoside, and rosinidin O-hexoside), although cyanidin was only found in HD. The absence of cyanidin in ZD implies that it is systematically converted into the glycoside-derived and methylated-derived forms. Pelargonidin and cyanidin are the red series pigments in plants \[[@B29-ijms-20-05636]\]. The absence of pelargonidin in the leaves of both cultivars indicate that cyanidin derivatives represent the main molecules conferring the purple-red coloration. Our results are in agreement with the previous report of Zhang et al. \[[@B32-ijms-20-05636]\], who showed that cyanidin 3-O-glucoside was mainly concentrated in cultivars with purple-red flowers.

RNA sequencing offers the opportunity to simultaneously profile the expression levels of thousand of genes \[[@B33-ijms-20-05636]\]. Zhang et al. \[[@B34-ijms-20-05636]\] and Wang et al. \[[@B35-ijms-20-05636]\] sequenced the leaf transcriptome in *L. indica* to study the flowering regulatory genes and powdery mildew disease responsive genes, respectively. Globally, these authors assembled \~37000 genes, which is lower than the number of unigenes reported in the present study (45925). The difference in the numbers of detected genes may be attributed to the advanced sequencing platform and bioinformatic packages employed for unigene assembly in this work. Our goal was to explore the molecular mechanism underlying the differential leaf color phenotypes in the two cutivars, with a focus on the genes involved in the biosynthetic pathway of anthocyanins and their regulators \[[@B11-ijms-20-05636],[@B12-ijms-20-05636]\]. In fact, the quantitative and qualitative variation of anthocyanins in plants are strongly correlated with the differential expression of key structural genes involved in the anthocyanin biosynthesis pathways \[[@B18-ijms-20-05636],[@B36-ijms-20-05636]\]. In this study, several classes of structural genes related to the flavonoid--anthocyanin biosynthesis were differentially expressed between the two cultivars and have been mapped to the early steps (chalcone synthase (CHS), chalcone isomerase (CHI), and flavonoid 3'-monooxygenase (F3′H)) and late steps (leucoanthocyanidin reductase (LAR), UDP-flavonoid glucosyl transferase (UFGT), anthocyanidin 3-O-glucosyltransferase (UA3GT), anthocyanidin 5,3-O-glucosyltransferase (GT1), and anthocyanidin 3-O-glucoside 2′″-O-xylosyltransferase (UGT)) ([Figure 5](#ijms-20-05636-f005){ref-type="fig"}) \[[@B12-ijms-20-05636]\]. These genes were globally down-regulated from the young leaf stage to the mature stage in both cultivars; however, we noticed that ZD tends to maintain a stronger activity as compared to HD ([Table S3](#app1-ijms-20-05636){ref-type="app"}), which presumably favors the observed high accumulation of anthocyanins in ZD ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}E). More often, genes belonging to either the early steps or the late steps, but not both simultaneously have been reported to differentially modulate anthocyanin contents in contrasting colored samples. For example, Chen et al. \[[@B37-ijms-20-05636]\] demonstrated that low expression levels of C4H, CHS, and F3H in white petals, contrarily to the red petals of peach, reduce the formation of dihydro-kaempferol (DHK), and thereby inhibit the anthocyanin accumulation. In addition, Jiao et al. \[[@B38-ijms-20-05636]\] showed that PAL was weakly expressed in the white-flesh peach and limits anthocyanin production. In contrast, Zhuang et al. \[[@B21-ijms-20-05636]\] showed that a strong anthocyanin accumulation in purple turnip was attributed to an up-regulation of DFR, ANS, and UFGT genes. LAR converts leucoanthocyanidins into proanthocyanidins. In this study, the up-regulation of the LAR gene (*F01_transcript/54491*) in ZD suggests an increment of the proanthocyanidins content from Stage 1 to Stage 2, but this mechanism may not be relevant to the stable leaf coloration observed in ZD, since proanthocyanidins are colorless in nature \[[@B39-ijms-20-05636]\]. The class of genes involved in the modification of anthocyanidins (UDP-flavonoid glucosyl transferase (UFGT), anthocyanidin 3-O-glucosyltransferase (UA3GT), anthocyanidin 5,3-O-glucosyltransferase (GT1), and anthocyanidin 3-O-glucoside 2′″-O-xylosyltransferase (UGT)) was particularly enriched ([Figure 5](#ijms-20-05636-f005){ref-type="fig"}). This was expected, since the anthocyanins detected in leaf samples were mainly glycoside-derived compounds ([Table S1](#app1-ijms-20-05636){ref-type="app"}). Anthocyanidins are highly unstable and easily susceptible to degradation; therefore, glycosylation is essential to stabilize them \[[@B40-ijms-20-05636]\]. Furthermore, glycosylation serve as a signal for transport of the anthocyanins to vacuoles, where they can function as pigments \[[@B41-ijms-20-05636]\]. Since most of these genes were higher expressed in ZD than HD, correlating with the stronger content of glycoside-derived anthocyanins, we deduce that the glycosylation of anthocyanins (particularly cyanidin) is a key mechanism for the stable purple-red colored leaf phenotype observed in ZD, exactly as previously demonstrated in peach \[[@B42-ijms-20-05636]\].

The expression levels of structural genes involved in the flavonoid--anthocyanin pathway are in part regulated by transcription factors (TF), particularly by the MYB family members \[[@B24-ijms-20-05636]\]. We uncovered 49 candidate MYBs that are likely to be the key regulators of the structural genes involved in the flavonoid--anthocyanin pathway ([Table S7](#app1-ijms-20-05636){ref-type="app"}). Many studies have reported several differentially expressed MYB genes as potential regulators, but the target genes of each specific MYB regulator and the regulatory network are often overlooked. The mechanisms of gene expression regulation by a TF could be simple (direct binding to the binding motif in the promoter region of the targets) or more complex, involving other cofactors. An example of the complex regulation mechanism is the feed-forward loop mechanism where a three-gene pattern is composed of two input transcription factors, one of which regulates the other, which both jointly regulate a target gene \[[@B43-ijms-20-05636]\]. Hence, it is essential to clearly delineate the network of interaction between candidate MYBs and their targets in order to facilitate the directional manipulation of the expression levels of the structural genes involved in the flavonoid--anthocyanin pathway. In this study, we revealed three co-expressed modules containing candidate MYB regulators and their target structural genes ([Figure 6](#ijms-20-05636-f006){ref-type="fig"}). Overall, we found that MYBs are positive regulators of these structural genes; therefore, increasing the activity levels of some MYBs from these co-expressed modules, particularly those from the dark red and yellow modules, may have high potential to confer stable purple-red coloration in the leaves of HD and other *L. indica* cultivars.

4. Materials and Methods {#sec4-ijms-20-05636}
========================

4.1. Plant Materials {#sec4dot1-ijms-20-05636}
--------------------

Two cultivars of *Lagerstroemia indica* L. were used as plant materials. The cultivar Lagerstroemia Dynamite was developed by the Carl Whitcomb breeding program, (Carl Whitcomb Lacebark Inc. Stillwater, OK, USA) and features purple-red young leaves, which gradually turn into a green color when they mature ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}, [Figure S2](#app1-ijms-20-05636){ref-type="app"}). The second cultivar, Lagerstroemia Ebony Embers released by the USDA, displays stable purple-red leaves throughout all the leaf developmental stages. In this study, Lagerstroemia Dynamite and Lagerstroemia Ebony Embers were named as HD and ZD, respectively. Both cultivars were grown under natural environmental conditions in the experimental station of the Hunan Academy of Forestry, China. Leaf blades were collected at different developmental stages ([Figure 1](#ijms-20-05636-f001){ref-type="fig"}, [Figure S2](#app1-ijms-20-05636){ref-type="app"}) from three independent plants (2 years old) of each cultivar, quickly frozen in liquid nitrogen, and stored at −80 °C until further use.

4.2. Anthocyanin Analysis {#sec4dot2-ijms-20-05636}
-------------------------

The sample preparation, extract analysis, anthocyanin identification and quantification were performed at Wuhan MetWare Biotechnology Co., Ltd. ([www.metware.cn](www.metware.cn)) following their standard procedures and previously described by Cao et al. \[[@B22-ijms-20-05636]\]. Before the data analysis, quality control (QC) analysis was conducted to confirm the reliability of the data. The QC sample was prepared by the mixture of sample extracts and inserted into every four samples to monitor the changes in repeated analyses. Data matrices with the intensity of the metabolite features from the samples were uploaded to the Analyst 1.6.1 software (AB SCIEX, Ontario, Canada) for statistical analyses. The supervised multivariate method, partial least squares-discriminant analysis (PLS-DA), was used to maximize the metabolome differences between the pair of samples. The relative importance of each metabolite to the PLS-DA model was checked using the parameter called variable importance in projection (VIP). Metabolites with VIP ≥1 and fold change ≥2 or fold change ≤0.5 were considered as differential metabolites for group discrimination \[[@B22-ijms-20-05636]\].

4.3. Transcriptome Sequencing and Data Analysis {#sec4dot3-ijms-20-05636}
-----------------------------------------------

RNA extraction, transcriptome library preparation, sequencing, and bioinformatics analysis were conducted at the Biomarker Technologies (Beijing, China, [www.biomarker.com.cn](www.biomarker.com.cn)) following their standard procedures and previously described by Zhu et al. \[[@B44-ijms-20-05636]\]. Briefly, total RNA was extracted from the leaf samples using a Spin Column Plant total RNA Purification Kit (Sangon Biotech, Shanghai, China) according to the manufacturer's instructions. Sequencing libraries were constructed following the protocol of the Gene Expression Sample Prep Kit (Illumina, San Diego, CA, USA). The first-strand cDNAs were synthesized from the total RNA with random hexamer primers, followed by second-strand cDNAs synthesis using DNA polymerase I (New England BioLabs, Ipswich, MA, USA) and RNase H (Invitrogen, Waltham, MA, USA). After end repair, adaptor ligation, and the addition of index codes for each sample, PCR amplification was conducted. The purity and quality of the libraries were measured by an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and Qubit 2.0 (Life Technologies, Carlsbad, CA, USA). Then, the libraries were pair-end sequenced by using the Illumina HiSeq 2500 platform (Illumina Inc., San Diego, USA).

The raw RNA-seq reads were quality-checked with the FastQC package (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>), and adaptor sequences and low-quality reads (containing \>50% bases with a Phred quality score \<15 and reads with more than 1% ambiguous residues N) were removed. The high-quality reads from all the libraries were de novo assembled into transcripts using the software Trinity (version r20140717, \[[@B45-ijms-20-05636]\]) by employing the paired-end method. Next, the transcripts were realigned to construct unigenes. The assembled unigenes were annotated by searching against various databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG) \[[@B46-ijms-20-05636]\], Gene Ontology (GO) \[[@B47-ijms-20-05636]\], Clusters of Orthologous Groups (COG) \[[@B48-ijms-20-05636]\], PfAM \[[@B49-ijms-20-05636]\], Swiss-Prot \[[@B50-ijms-20-05636]\], eggNOG \[[@B51-ijms-20-05636]\], NR \[[@B52-ijms-20-05636]\], and euKaryotic Orthologous Groups (KOG) \[[@B53-ijms-20-05636]\] using BLAST \[[@B54-ijms-20-05636]\] with a threshold of E-value \<1.0 × 10^−5^. The software KOBAS2.0 \[[@B55-ijms-20-05636]\] was employed to get the unigene KEGG orthology. The analogs of the unigene amino acid sequences were searched against the Pfam database \[[@B48-ijms-20-05636]\] using the HMMER tool \[[@B56-ijms-20-05636]\] with a threshold of E-value \<1.0 × 10^−10^. The unigenes were counted and normalized into fragments per kilobase of transcript per million fragments mapped reads (FPKM) value using RSEM \[[@B57-ijms-20-05636]\]. Differentially expressed genes (DEGs) between pairs of samples were determined using the EdgeR Bioconductor package \[[@B58-ijms-20-05636]\]. False discovery rate values less than 0.01 and \|fold change\|≥2 were set as criteria to decide the significant differences in gene expression.

4.4. Gene Co-Expression Analysis {#sec4dot4-ijms-20-05636}
--------------------------------

Weighted Gene Co-Expression Network Analysis (WGCNA) package version 1.61 \[[@B59-ijms-20-05636]\] was used to construct the gene co-expression networks from the normalized log2-transformed FPKM matrix as described by Lv et al. \[[@B25-ijms-20-05636]\] and Dossa et al. \[[@B60-ijms-20-05636]\]. Network visualization for the co-expressed gene modules related to MYB and flavonoid--anthocyanin biosynthesis pathways was performed using the Cytoscape software version 3.6.1 \[[@B61-ijms-20-05636]\].

4.5. Quantitative RT-PCR Analysis {#sec4dot5-ijms-20-05636}
---------------------------------

Quantitative PCR was performed using the SYBR Premix Ex Taq™ Kit (Takara, Dalian, China) according to the manufacturer's instructions on the StepOne plus Real time PCR Platform (Applied Biosystems, CA, USA) with the following protocol: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, and at 60 °C for 60 s \[[@B62-ijms-20-05636]\]. Each reaction was performed using a 20-μL mixture containing 10 μL of 2 × ChamQ SYBR qPCR Master Mix, 6 μL of nuclease-free water, 1 μL of each primer (10 mM), and 2 μL of four-fold diluted cDNA. All of the reactions were run in 96-well plates, and each cDNA was analyzed in triplicate. Specific primer pairs of 21 selected genes were designed using the Primer Premier 5.0 \[[@B63-ijms-20-05636]\] ([Table S10](#app1-ijms-20-05636){ref-type="app"}). The *Actin* gene was used as the internal control. Data are presented as relative transcript levels based on the 2^−∆∆Ct^ method \[[@B64-ijms-20-05636]\].

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/22/5636/s1>. Table S1. Quantification of the detected anthocyanins in the two *L. indica* cultivars at Stage 1 (young leaves) and Stage 2 (mature leaves); Table S2. Genes encoding transcription factors detected in *L. indica* transcriptome; Table S3. List of the differentially expressed genes between ZD and HD at Stage 1 and Stage 2 and their log2 fold change values; Table S4. List of the differentially expressed genes between Stage 1 and Stage 2 in HD and ZD that display the same fold-change patterns between the two cultivars; Table S5. Differentially expressed genes encoding transcription factors form Stage 1 to Stage 2; Table S6. List of the differentially expressed MYB genes between Stage 1 and Stage 2 in HD and ZD that display the same fold-change patterns between the two cultivars; Table S7. List of the differentially expressed MYB genes between Stage 1 and Stage 2 in HD and ZD that display different patterns of fold change of a huge difference between the two cultivars; Table S8. Overview of the transcriptome sequencing dataset and quality check of the leaves from HD at the intermediate stage (IS1 and IS2); Table S9. List of the genes belonging of each of the 22 modules detected through gene co-expression analysis; Table S10. The primer sequences of genes used for quantitative real time PCR; Figure S1. Gene ontology enrichment analysis of the differentially expressed genes between (A) HD-1_vs_HD-2, (B) ZD-1_vs_ZD-2; (C) ZD-1_vs_HD-1; (D) ZD-2_vs_HD-2. HD represents the cultivar Lagerstroemia Dynamite, while ZD represents the cultivar Lagerstroemia Ebony Embers. Figure S2. The phenotypes of HD leaves at the intermediate Stage 1 and Stage 2 when the leaf color is gradually turning from purple-red to green; Figure S3. Dendrogram clustering of the genes and identification of the co-expressed modules; Figure S4. qRT-PCR (2^−ΔΔ*C*t^) analysis of 21 selected genes within the differentially expressed genes detected in this study. Correlation analysis between qRT-PCR and RNA-seq (log2 fold change).

###### 

Click here for additional data file.
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![The phenotypes of young (**A**,**C**) and mature (**B**,**D**) leaves of HD and ZD. The bar represents 1.2 cm. (**E**) Total anthocyanin content measured in leaves of HD and ZD at young (Stage 1, S1) and mature (Stage 2, S2) stages. HD represents the cultivar Lagerstroemia Dynamite, while ZD represent the cultivar Lagerstroemia Ebony Embers. Data are from three replicate samples and represent the ion abundance of the anthocyanin compounds.](ijms-20-05636-g001){#ijms-20-05636-f001}

![Functional annotation of the unigenes detected in *L. indica* based on orthologs from various databases. (**A**) KOG; (**B**) COG; (**C**) GO; (**D**) EggNOG; and (**E**) NR database homologous species distribution analysis.](ijms-20-05636-g002){#ijms-20-05636-f002}

![Overview of the transcriptome sequencing in *L. indica* leaves. (**A**) Gene expression profiles in the 12 libraries. HD represents the cultivar Lagerstroemia Dynamite, while ZD represents the cultivar Lagerstroemia Ebony Embers; (**B**) heatmap clustering showing correlation among samples based on global expression profiles. G1 and G2 represent the two major groups of samples, while G2_1 and G2_2 represent the subgroups of the group G2.](ijms-20-05636-g003){#ijms-20-05636-f003}

![Volcano plot showing the up-regulated genes, down-regulated genes, and genes that were not regulated between pairs of compared samples. (**A**) HD-1_vs_HD-2, (**B**) ZD-1_vs_ZD-2; (**C**) ZD-1_vs_HD-1; and (**D**) ZD-2_vs_HD-2. HD represents the cultivar Lagerstroemia Dynamite, while ZD represents the cultivar Lagerstroemia Ebony Embers.](ijms-20-05636-g004){#ijms-20-05636-f004}

![Flavonoid--anthocyanin biosynthetic genes in *L. indica*. The differentially expressed genes between HD and ZD from Stage 1 (young leaves) to Stage 2 (mature leaves) are highlighted in red color. Phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4 coumarate CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3'-monooxygenase (F3′H), dihydroflavonol 4-reductase (DFR), by anthocyanidin synthase (ANS), leucoanthocyanidin reductase (LAR), UDP-flavonoid glucosyl transferase (UFGT), anthocyanidin 3-O-glucosyltransferase (UA3GT), anthocyanidin 5,3-O-glucosyltransferase (GT1), and anthocyanidin 3-O-glucoside 2′″-O-xylosyltransferase (UGT). The heatmap show the log2 fold change of the gene expression from Stage 1 to Stage 2. HD represents the cultivar Lagerstroemia Dynamite, while ZD represents the cultivar Lagerstroemia Ebony Embers.](ijms-20-05636-g005){#ijms-20-05636-f005}

![Gene co-expression analysis of the MYB regulators and their target genes related to the flavonoid--anthocyanin biosynthesis pathways in *L. indica*. (**A**,**B**) expression fold change and network of the genes co-expressed in the dark red module; (**B**,**C**) expression fold change and network of the genes co-expressed in the yellow module; (**D**,**E**) expression fold change and network of the genes co-expressed in the blue module. HD represents the cultivar Lagerstroemia Dynamite, while ZD represents the cultivar Lagerstroemia Ebony Embers.](ijms-20-05636-g006){#ijms-20-05636-f006}

ijms-20-05636-t001_Table 1

###### 

Concentration of the anthocyanins detected in the two *L. indica* cutlivars and their log2 fold-change values. Bold values are those significantly changed between compared samples.

  Compounds                    HD-1         ZD-1         HD-2         ZD-2         Log2 Fold Change                           
  ---------------------------- ------------ ------------ ------------ ------------ ------------------ ----------- ----------- ------------
  Peonidin O-hexoside          24257333.3   13935333.3   2037100      12121666.7   **−3.57**          −0.20       0.80        **−2.57**
  Rosinidin O-hexoside         89211.3333   144180       0            43131        **−13.28**         **−1.74**   −0.69       **−12.23**
  Cyanidin O-syringic acid     2205133.33   4702233.33   144803.333   2828266.67   **−3.93**          −0.73       **−1.09**   **−4.29**
  Cyanidin 3-O-glucoside       7512833.33   17313666.7   443633.333   8068766.67   **−4.08**          **−1.10**   **−1.20**   **−4.18**
  Delphinidin 3-O-glucoside    3606100      5734733.33   2009400      5926300      --0.84             0.05        −0.67       **−1.56**
  Cyanidin 3,5-O-diglucoside   4405800      13112000     394216.667   7217400      **−3.48**          −0.86       **−1.57**   **−4.19**
  Cyanidin                     801780       0            484516.667   0            −0.73              0.00        **16.44**   **15.72**

ijms-20-05636-t002_Table 2

###### 

Overview of the transcriptome sequencing dataset and quality check.

  SampleID.   Raw Read Number   Base Number   GC (%)   Q20 (%)   Q30 (%)
  ----------- ----------------- ------------- -------- --------- ---------
  HD-1_1      29963667          8930322034    51.21    97.91     94.18
  HD-2_1      29373060          8751104486    51.26    97.85     94.09
  HD-2_2      20168830          6023966824    50.7     97.82     93.98
  HD-2_3      23631048          7060390512    50.81    97.83     94
  HD-1_2      23919615          7129091888    51.23    98        94.41
  HD-1_2      23467265          7003557242    50.74    97.88     94.23
  ZD-1_1      24273602          7232878206    51.32    97.69     93.8
  ZD-1_2      21891679          6530271554    51.24    97.97     94.22
  ZD-1_3      22505602          6715319880    51.25    97.88     94.12
  ZD-2_1      21339681          6361383236    51.24    97.85     93.99
  ZD-2_2      21255491          6336179806    51.32    97.8      93.93
  ZD-2_3      22210402          6625694066    51.27    97.88     94.04

[^1]: These authors contributed equally to this work.
